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Synaptogenesis requires recruitment of neuro-
transmitter receptors to developing postsynap-
tic specializations. We developed a coculture
system reconstituting artificial synapses be-
tween neurons and nonneuronal cells to inves-
tigate the molecular components required for
AMPA-receptor recruitment to synapses. With
this system, we find that excitatory axons spe-
cifically express factors that recruit the AMPA
receptor GluR4 subunit to sites of contact be-
tween axons and GluR4-transfected nonneuro-
nal cells. Furthermore, the N-terminal domain
(NTD) of GluR4 is necessary and sufficient for
its recruitment to these artificial synapses and
also for GluR4 recruitment to native synapses.
Moreover, we show that axonally derived neu-
ronal pentraxins NP1 and NPR are required for
GluR4 recruitment to artificial and native synap-
ses. RNAi knockdown and knockout of the
neuronal pentraxins significantly decreases
GluR4 targeting to synapses. Our results indi-
cate that NP1 and NPR secreted from presyn-
aptic neurons bind to the GluR4 NTD and are
critical trans-synaptic factors for GluR4 recruit-
ment to synapses.
INTRODUCTION
The establishment of proper neural circuitry requires the
targeting of axons to the correct postsynaptic neurons
and then axodendritic adhesion and synapse formation.
Recent studies have rapidly advanced our knowledge
about the molecular mechanisms subserving presynaptic
differentiation during synaptogenesis. Neuroligin (Scheif-
fele et al., 2000), SynCAM (Biederer et al., 2002), and
FGF22 (Umemori et al., 2004) have all been shown to
induce the formation of presynaptic specializations in
axons. The molecular mechanisms of postsynaptic differ-entiation, however, are less well characterized, although
a recent study indicates that b-neurexins may play a key
role in organizing postsynaptic specializations (Butz
et al., 1998; Graf et al., 2004; Scheiffele et al., 2000).
Receptor recruitment to the postsynaptic specialization
can be considered the final step of synaptogenesis; this
step confers functionality to the nascent synapse. This
process has been best studied at the neuromuscular junc-
tion (Sanes and Lichtman, 2001; Kummer et al., 2006).
Here, the muscle sets up a prepattern of acetylcholine re-
ceptor (AChR) clusters at themotor endplate beforemoto-
neuron innervation (Lin et al., 2001; Yang et al., 2001; Yang
et al., 2000). The innervating motoneuron releases agrin,
which stabilizes AChR clusters, and acetylcholine, which
disperses unstabilized clusters (Lin et al., 2005; Misgeld
et al., 2005). Both the prepattern and the stabilization of
AChR clusters through agrin require the intracellular scaf-
folding protein rapsyn, which directly binds to the AChR
(Lin et al., 2001; Sanes and Lichtman, 2001; Yang et al.,
2001). In the CNS, the glycine and GABAA receptors be-
long to the AChR-receptor superfamily (Moss and Smart,
2001) and utilize similar mechanisms of receptor cluster-
ing involving an intracellular scaffolding protein. Gephyrin
is a scaffolding protein necessary for glycine-receptor
clustering and may contribute toward GABAA-receptor
clustering. Gephyrin is known to bind directly to the gly-
cine receptor (Schmitt et al., 1987), and glycine-receptor
clusters are abolished in the spinal cord of gephyrin
knockout (KO)mice (Feng et al., 1998). The g2 and a2 sub-
units of the GABAA receptor show reduced clustering in
gephyrin KO mice (Kneussel et al., 1999), although other
GABAR subunits cluster at wild-type levels (Fischer
et al., 2000; Kneussel et al., 2001; Levi et al., 2004). Knock-
out of the g2 subunit of the GABAA receptor causes the
dispersal of both GABAA-receptor and gephyrin clusters
(Essrich et al., 1998), although direct binding between
gephyrin and the g2 subunit has not been reported.
Less is known about recruitment of the ionotropic gluta-
mate receptors, a family of receptors consisting of the
NMDA, the AMPA, and the kainate receptors. However,
a report has suggested that the EphB2 receptor tyrosine
kinase, an axon-guidance factor in the developing CNS,
also function to cluster the NMDA receptor via itsNeuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc. 87
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N-terminal domain of the NMDA receptor can pull down
EphB2 from brain lysates in the presence of ephrinB1,
and ephrinB1-Fc treatment of cortical neurons causes
the formation of NMDA-receptor clusters. In addition, can-
didates for an AMPAR-clustering factor include members
of the neuronal pentraxin family. This family consists of
neuronal-activity-regulated pentraxin (Narp) and neuronal
pentraxin 1 (NP1), both secreted proteins homologous to
the serum pentraxins (Schlimgen et al., 1995; Tsui et al.,
1996), and neuronal pentraxin receptor (NPR), an integral
membrane protein (Dodds et al., 1997). Narp and NP1
coimmunoprecipitate with AMPAR in heterologous cells
(Xu et al., 2003), and Narp-expressing HEK cells seeded
on neurons recruit GluR1 to sites where they contact neu-
ronal dendrites (O’Brien et al., 1999). Furthermore, trans-
fection of a dominant-negative Narp that blocks the secre-
tion of endogenous Narp decreases the ability of axons to
recruit GluR1 to synapses (O’Brien et al., 2002).
Recent advances in identifying synaptogenic proteins
have utilized reconstituted artificial synapses in cell-
culture systems (Biederer et al., 2002; Graf et al., 2004;
Nam andChen, 2005; Scheiffele et al., 2000). In this paper,
we used a similar approach to investigate the molecular
determinants of AMPA-receptor synaptic recruitment.
Specifically, we developed a coculture system to create
artificial synapses between neurons and nonneuronal cells
(glia or HEK cells) as a simplemodel system to reconstitute
synaptic transmission. We then used this system in a non-
biased approach to characterize the molecular require-
ments for synapse reconstitution. With this system, we
found that excitatory axons, but not inhibitory axons, ex-
press factors that recruit and cluster transfected GluR4 in
nonneuronal cells and form functional synapses with the
nonneuronal cells. By performing structure-function analy-
sis on the GluR4 subunit, we discovered that the N-termi-
nal domain (NTD) of GluR4 is required for its recruitment to
the artificial synapses and to native synapses in neurons.
Moreover, we demonstrate that the synaptic recruitment
ofGluR4atboth artificial andnative synapses requirespre-
synaptically derived neuronal pentraxins NP1 and NPR.
These results indicate that axonally secretedNP1andNPR
bind to theextracellularNTDof theGluR4subunit and trans-
synaptically localize the receptor to synaptic contacts.
RESULTS
Axons Express Factors that Cluster GluR4
Transfected in Glia
In initial experiments to reconstitute artificial synapses, we
cotransfected glia or HEK cells with neuroligin-1 (NL1) and
GFP-GluR4, then cocultured hippocampal neurons with
the nonneuronal cells. Early experiments demonstrated
that, not surprisingly, neurons preferred to grow on glia
monolayers. We therefore use this system for routine as-
says, although similar results were obtainedwithHEK cells
(see below). Pilot experiments with GluR1, GluR2, and
GluR4 subunits also established that GluR4 gave the88 Neuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc.most robust readout in this assay; hence, it was used for
all subsequent experiments. Immunocytochemistry for
synaptic markers and imaging for GFP was performed 5–
8 days after plating the neurons on glia. Axons extending
over transfected glia were found to be enriched in bas-
soon, a presynaptic marker, indicating that NL1 induced
the formation of presynaptic specializations in hippocam-
pal axons, as has been previously described (Dean et al.,
2003; Scheiffele et al., 2000). Surprisingly, GFP-GluR4
clusters also formed at sites of contact between axons
and transfected glia (Figure 1B) and were partially colocal-
ized with bassoon (Figure 1A). The GFP-GluR4 clusters
were excluded fromGAD-65 staining (Figure 1C), amarker
for inhibitory axons, and colocalized with VGlut1, a marker
for excitatory axons (Figure 1D), indicating that only excit-
atory axons express factors capable of recruiting GluR4
clusters on the surface of glia. In young cocultures, ap-
proximately 50% of glial GFP-GluR4 clusters are colocal-
ized with bassoon, but this proportion gradually increases
as the culture matures, and in mature cocultures, 80%–
90% of glial GFP-GluR4 clusters are colocalized with bas-
soon. The occurrence of nonsynaptic clusters of synaptic
proteins in hippocampal cultures and other systems have
been well documented (Gerrow et al., 2006). The increas-
ing colocalization of glial GFP-GluR4 with bassoon with
culture age may reflect the gradual recruitment of axonal
GluR-clustering factors into presynaptic specializations.
Glia express low levels of AMPARs endogenously (Sei-
fert and Steinhauser, 2001), and neuronal-glia synapses
have been reported in oligodendrocyte precursor cells
(Bergles et al., 2000), suggesting that glia may express
components necessary for assembling postsynaptic
specializations. To exclude the possibility that glia-auton-
omous factors are necessary for the reconstituted synap-
ses,we constructed artificial synapses onHEKcells, a het-
erologous-cell line that does not endogenously express
synaptic components. When HEK cells were cotrans-
fected with NL1 and GFP-GluR4 and plated on hippocam-
pal neurons, clusters of GFP-GluR4 can be observed at
sites of contact between transfected HEK cells and neuro-
nal processes (Figure 1E). Whole-cell recordings from the
HEK cells displayed spontaneous AMPA-mediated artifi-
cial EPSCs (Figure 1F). Moreover, in the presence of
TTX, mEPSCs could be recorded with remarkably similar
kinetics to authentic neuronal mEPSCs (Figure 1G). These
results indicate that axon-derived factors alone are capa-
ble of clustering GluR4 and forming artificial synapses
capable of sustaining synaptic transmission and that
glia-autonomous factors are unnecessary. We chose glia
as the heterologous cell to reconstitute artificial synapses
in further experiments because, as described above, neu-
rons are easily cocultured on glia monolayers, and axons
extend avidly over glia.
The NTD Is Necessary and Sufficient for Synaptic
Recruitment of GluR4
The intracellular domains of AMPAR subunits interact with
a variety of proteins including PDZ-domain-containing
Neuron
Synaptic Recruitment of GluR4Figure 1. GFP-GluR4 Clusters at Sites of Contact between Excitatory Axons and Heterologous Cells and Supports Synaptic
Transmission
(A) Hippocampal neurons were cultured on a glia monolayer cotransfectedwith neuroligin-1 (NL1) andGFP-GluR4. GFP-GluR4 puncta form at sites of
contact between neuronal processes and transfected glia, whereas NL1 causes presynaptic differentiation, shown by enrichment of bassoon puncta
over transfected glia. Some glial GFP-GluR4 clusters were colocalized with bassoon (arrows), whereas others were not (arrowheads).
(B) Hippocampal neurons were cultured on glia transfected with GFP-GluR4 and stained for tau for visualizing axons. GFP-GluR4 clusters are
colocalized with tau staining, indicating that axons recruit GFP-GluR4 expressed in glia.
(C) Cultures were stained for GAD-65 for visualizing inhibitory axons. Inhibitory-axons staining were excluded from GFP-GluR4 clusters, suggesting
that excitatory axons recruit GFP-GluR4 clusters.
(D) Cultures were stained for GFP and VGlut1, an excitatory-axon marker. GFP-GluR4 clusters in glia were partially colocalized with VGlut1 puncta
(arrows), indicating that excitatory axons recruit GFP-GluR4 clusters.
(E) HEK cells cotransfected with GFP-GluR4 and neuroligin were plated on hippocampal neuron cultures. GFP-GluR4 clusters were found at sites of
contact between HEK cells and neuronal processes (boxed).
(F) Whole-cell patch clamp of transfected HEK cells showed that the GFP-GluR4 clusters support spontaneous glutamate currents that were blocked
by NBQX application and recovered upon washout of NBQX.
(G) mEPSCs recorded from transfected HEK cells treated with TTX showed similar kinetics to native neuronal mEPSCs.
Scale bars in (A) and (D) represent 10 mm, and the scale bar in (E) represents 5 mm.Neuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc. 89
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Synaptic Recruitment of GluR4Figure 2. The NTD of GluR4 Is Necessary and Sufficient for Synaptic Recruitment
(A) Hippocampal neurons were plated on glia cotransfected with NL1 and various GluR4 constructs. GFP-GluR4 lacking the C-terminal PDZ ligand
(GFP-GluR4-DC3) or most of the intracellular tail (GFP-GluR4-DC50) still clustered under axons (arrows), indicating that the C terminus tail of GluR4 is
not required for clustering. Glia transfected with DNTD-GFP-GluR4 did not cluster, indicating that the NTD is necessary for clustering. The scale bar
represents 10 mm.
(B) Hippocampal neurons were plated on glia transfected with GFP-GluR4-NTD-pDisplay and stained with GFP and bassoon after coculturing for
5–8 days. R4-NTD-pDisplay puncta were formed under hippocampal axons and were partially colocalized with bassoon (arrows), indicating that
the NTD is sufficient for axonal recruitment in glia.
(C) GFP-GluR4 transfected in DIV 7 hippocampal neurons was trafficked to synaptic sites.
(D) DNTD-GFP-GluR4 overexpressed in DIV 7 hippocampal neurons showed a diffuse localization and did not traffick to synapses, indicating that the
NTD is necessary for synaptic recruitment of GluR4 in neurons.
(E) R4-NTD-pDisplay overexpressed in neurons was trafficked to synaptic sites, indicating that the NTD is sufficient for synaptic recruitment of GluR4
in neurons.proteins such asGRIP andPICK1 (Dong et al., 1997; Scan-
nevin andHuganir, 2000). PDZ-domain proteins have been
shown to be required for the targeting of many membrane
proteins at many intercellular junctions (Scannevin and
Huganir, 2000). To determine whether intracellular PDZ-
domain proteins are necessary for formation of GFP-
GluR4 clusters on glia, we cotransfected glia cells with
NL1 and a GFP-GluR4 with its C-terminal three amino
acids deleted (GFP-GluR4-DC3) to abolish the PDZ-do-
main-binding site. Clusters of GFP-GluR4-DC3 were still
observed on glia (Figure 2A), suggesting that PDZ-domain
proteins are not required for GFP-GluR4 clustering in glia.
To further investigate whether any intracellular interacting
proteins are required for GluR4 clustering, we cotrans-
fected a GFP-GluR4 lacking almost the entire C-terminal
intracellular tail (GFP-GluR4-DC50) into gliawithNL1.Clus-
ters of GFP-GluR4-DC50 were still observed (Figure 2A),
suggesting that intracellular factors are not involved, and90 Neuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc.axon-derived extracellular factors probably directly bind
to, and recruit, GluR4 to the reconstituted synapses.
The extracellular domains of AMPARs consist of the
NTD, an approximately 400 amino acid domain of un-
known function, and the S1 and S2 glutamate-binding
domains. Because GluR4 lacking the NTD can still gate
current in response to glutamate application (Pasternack
et al., 2002), we hypothesized that the NTD domain may
subserveasynaptic-targeting function.AGFP-GluR4 lack-
ing the NTD (DNTD-GFP-GluR4) was constructed and
cotransfected in glia with NL1. DNTD-GFP-GluR4 was ex-
pressed and trafficked to the cell surface (Figure S1 in the
Supplemental Data available online) but was not recruited
by overlying axons, indicating that the NTD is required for
GluR4 recruitment to the reconstituted artificial synapses
(Figure 2A). To investigate whether the NTD is required
for synaptic targeting in neurons, we transfected DNTD-
GFP-GluR4 and GFP-GluR4 in DIV 14 hippocampal
Neuron
Synaptic Recruitment of GluR4Figure 3. Narp Is Partially Colocalized
with Glial GFP-GluR4 Clusters in Young
Neurons and Absent in Older Neurons
(A) In DIV 4 hippocampal-glia cocultures, GFP-
GluR4 clusters on GFP-GluR4 and NL1 co-
transfected glia were partially colocalized
with Narp. The scale bar represents 10 mm.
(B) In DIV 8 hippocampal-glia cocultures, Narp
expression level was decreased and GFP-
GluR4 clusters were no longer colocalized
with Narp.neurons and performed immunocytochemistry 2 days
later. Whereas full-length GFP-GluR4 was recruited to
sites of contact with presynaptic specializations (Fig-
ure 2C), DNTD-GFP-GluR4 remained diffuse and did not
form clusters (Figure 2D), despite the presence of presyn-
aptic bassoon staining indicating intact presynaptic inner-
vation (data not shown). Thus, the NTD is also necessary
for synaptic targeting of GluR4 in neurons.
In order to determinewhether theNTD alone is sufficient
for synaptic targeting, we cloned the GluR4 NTD into the
pDisplay vector (R4-NTD-pDis), which attached the NTD
to the PDGFR transmembrane domain and displayed the
NTD on the surface of cells. When R4-NTD-pDis and NL1
was cotransfected into glia and neurons were plated onto
the glia monolayer, R4-NTD-pDis clusters were observed
at sites of contact between axons and transfected glia and
were partially colocalized with bassoon, indicating that the
NTD alone can be recruited to reconstituted artificial syn-
apses (Figure 2B). When R4-NTD-pDis was transfected in
hippocampal neurons, R4-NTD-pDis was recruited to
sites of contact with presynaptic specializations and
partially colocalized with bassoon (Figure 2E) and thus
behaved similarly to full-length GFP-GluR4 (Figure 2C).
Hence, the NTD alone is sufficient to direct targeting to
synapses in neurons.
NP1 and NPR Expressed in Hippocampal Axons
Are Colocalized with Glial GFP-GluR4 Clusters
Having identified the domain required for synaptic target-
ing of GluR4, we sought to discover the axon-derived
factors that bind to the NTD and mediate synapse recon-
stitution and synaptic targeting of GluR4. We screened
several candidate factors, including EphBs and synde-
cans, by immunostaining for colocalization with GluR4 at
the artificial synapses. However, none showed the requi-
site colocalization (data not shown). Because Narp has
been previously described to cluster AMPARs, we theninvestigated the localization of Narp in the coculture as-
say. When GFP-GluR4 and NL1 were cotransfected in
glia and hippocampal neurons were plated on the glia,
Narp staining was colocalized with approximately 20%
of the glia GFP-GluR4 puncta at DIV 4 (Figure 3A), with
the larger puncta being more likely to be colocalized
with Narp. The fraction of GFP-GluR4 clusters colocalized
with Narp decreased as the culture matured, and Narp
immunostaining was present at less than 5% of GFP-
GluR4 puncta by DIV 8 (Figure 3B). The partial colocaliza-
tion of Narp and GFP-GluR4 clusters may be due to the
activity-dependent nature of Narp. These results suggest
that Narp is unlikely to be the primary factor mediating the
recruitment and clustering of GFP-GluR4 in glia by axons
because many such clusters are present in the absence of
Narp in mature cocultures. We therefore turned our atten-
tion to other members of the neuronal pentraxin family,
NP1 and NPR. When the cocultures were stained for
NP1, NP1 staining was present at almost all GFP-GluR4
puncta at all time points examined, even in mature cocul-
tures (Figure 4A). The localization of NPR was similar to
NP1 in mature cocultures, with NPR being present at all
GFP-GluR4 puncta on glia (Figure 4B). We hence focused
on NP1 and NPR as possible candidates for the GluR4
recruiting factor expressed by excitatory axons.
NP1 Colocalizes with and Interacts with NPR
and GluR4
To investigate the distribution of endogenous neuronal
pentraxins andGluR4, we performed immunocytochemis-
try on DIV 14 hippocampal neuron cultures. In these cul-
tures, GluR4 staining was restricted to shaft synapses
on 3%–5% of neurons that were invariably GAD-65 posi-
tive (data not shown), indicating that GluR4 in hippocam-
pal cultures is found exclusively in interneurons, in agree-
ment with previous in vivo studies (Geiger et al., 1995;
Leranth et al., 1996). Strong NP1 and NPR staining wasNeuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc. 91
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Colocalized with Glial GFP-GluR4
Clusters
(A) In DIV 8 cultures, GFP-GluR4 clusters on
glia cotransfected with NL1 and GFP-GluR4
were completely colocalized with NP1, and
partially colocalized with bassoon (arrows).
The scale bar represents 10 mm.
(B) In DIV 8 cultures, GFP-GluR4 clusters on
glia cotransfected with NL1 and GFP-GluR4
were completely colocalized with NPR and
partially colocalized with bassoon (arrows).found colocalized with all GluR4 dendritic shaft puncta
(Figure 5A), as well as found in a subpopulation of axon
growth cones (data not shown). This observation is con-
sistent with the previous localization of the related neuro-
nal pentraxin Narp to shaft synapses (O’Brien et al., 1999).
To further examine whether GluR4 interacts with the
neuronal pentraxins in the intact brain, we performed coim-
munoprecipitation experiments with rat brain lysates. Pull-
down of NP1 from rat brain lysate coimmunoprecipitated
NPR and GluR4, but not GluR6 (Figure 5B). These results
suggest that NP1 and NPR are associated with GluR4 in
the intactbrainandmayplaya role in theclusteringofGluR4.
NP1 Coclusters with the NTD of GluR4
Although the above experiments show that GluR4 is
closely associated with NP1 and NPR in vivo, they do
not preclude an indirect interaction between GluR4 and92 Neuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc.the neuronal pentraxins. To examine whether any direct
interaction exists between the neuronal pentraxins and
GluR4, we performed coclustering experiments in CHO
cells. GFP-GluR4 transfected in CHO cells show a diffuse
smooth localization on the cell surface (Figure 6A). When
HA-NP1 andGFP-GluR4were cotransfected in CHO cells,
GFP-GluR4 formed clusters that were on the cell surface
and that colocalized with surface HA staining for HA-
NP1 (Figure 6B), indicating that HA-NP1 was able to
cocluster GFP-GluR4. The GFP-GluR4 and HA-NP1
coclusters can also be formed when conditioned medium
harvested from HEK cells overexpressing HA-NP1 was
overlaid onto HEK cells transfected with GFP-GluR4, indi-
cating that coexpression of both constructs in the same
cell is not required for cocluster formation (Figure S2).
When HA-NP1 and DNTD-GFP-GluR4 were cotrans-
fected into CHO cells, DNTD-GFP-GluR4 remains diffuse
Neuron
Synaptic Recruitment of GluR4Figure 5. Endogenous GluR4 Is Associated with NP1 and NPR
(A) DIV 14 hippocampal neuron cultures were triple stained with GluR4, NP1, and NPR, and images were overlaid. GluR4 puncta in hippocampal
neurons were well colocalized with prominent NP1 and NPR puncta (arrows). The scale bar represents 7.5 mm.
(B) Pulldown of NP1 from rat brain lysates coimmunoprecipitates NPR and GluR4, indicating that NP1 interacts with both NPR and GluR4 in vivo.and smooth (Figure 6D), similar to its localization when it is
transfected into CHO alone (Figure 6C), indicating that the
NTD is required forNP1-inducedclustering ofGluR4.GFP-
R4-NTD-pDis, a construct similar to R4-NTD-pDis butwith
an N-terminal GFP tag replacing the HA tag, showed a dif-
fuse smooth distribution when transfected in CHO alone
(Figure 6E). However, when cotransfected with HA-NP1
into CHO, GFP-R4-NTD-pDis formed numerous large
clusters that colocalized with surface HA staining
(Figure 6F), indicating that the NTD alone is sufficient for
binding to and clustering NP1. In contrast, HA-NPR,
when cotransfected into CHO cells with GFP-GluR4, is
distributed smoothly and diffusely on the cell surface and
did not cocluster GFP-GluR4 (Figure 6G). These results
indicate that NP1 interacts with GluR4 through the NTD.
Knockdown of Neuronal Pentraxins Decreases
Axonal Ability to Recruit GluR4 to Reconstituted
Artificial Synapses and Neuron-Neuron Synapses
For directly testingwhether NP1 is critical for the clustering
of GluR4, RNAi was employed to knock down the levels of
the NP1 in axons. Three shRNA sequences for NP1 were
cloned into pSUPER and screened for their knockdown
ability in HEK cells. The most potent sequence for knock-
ing down each protein was then also cloned into pSUPER-
DsRed. In addition, we generated a rescue construct for
each shRNA sequence by making silent mutations in the
targeted regions of HA-NP1 and verified it to be resistant
to shRNA-directed cleavage in HEK cells (Figure 7A).
Glia were cotransfected with NL1 and GFP-GluR4 and
cocultured with hippocampal neurons. Three days after
neuronal plating, the hippocampal neurons were trans-
fected with pSUPER-DsRed as the control and shNP1-
pSUPER-DsRed for knockdown, or these neurons were
cotransfected with shNP1-pSUPER-DsRed and the NP1rescue constructs for rescue. Three days after transfec-
tion, the cocultures were fixed and stained for GAD-65
and DsRed, and the number of GFP-GluR4 clusters that
were in glia and that colocalized with transfected excit-
atory axons was determined for each condition (Figures
7B and 7C). Knockdown of NP1 resulted in a significant
decrease in the ability of transfected axons to recruit
GFP-GluR4 in glia compared to control pSUPER-DsRed-
transfected axons, and cotransfection of the rescue
construct rescues the deficiency (Figure 7D).
To test whether NPR is involved in recruitment of GFP-
GluR4 to artificial synapses, we made an shRNA knock-
down construct against NPR and its cognate rescue con-
struct (Figure 7A), and the same experiments were re-
peated with the NPR knockdown construct. Knockdown
of NPR also decreases axonal ability to recruit GFP-
GluR4 to artificial synapses, whereas cotransfection of
the rescue construct rescued the defect (Figure 7D).
These results suggest that both NP1 andNPR are required
for reconstitution of artificial synapses.
Next, we wanted to determine whether the neuronal
pentraxins play a role in recruiting endogenous GluR4
in hippocampal neurons. We transfected hippocampal
neurons with pSUPER-GFP as the control, with shNP1-
or shNPR-pSUPER-GFP for knockdown, or with mut-
HA-NP1 or mut-HA-NPR and the cognate knockdown
constructs for rescue. Cultures were processed for immu-
nocytochemistry 3 days later. Each GluR4 expressing
interneuron was checked for contact with a transfected
axon. The presence or absence of GluR4 puncta at sites
of contact between transfected axons and dendrites bear-
ing endogenous GluR4 puncta were determined for each
condition (Figures 7E and 7F). Axons transfected with
pSUPER-GFP empty vector had a significantly higher
probability of being associated with GluR4 punctaNeuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc. 93
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Synaptic Recruitment of GluR4Figure 6. The NTD of GluR4 Coclusters with NP1 but Not with NPR
Various GFP-GluR4 and HA-NP1/NPR constructs were transfected in CHO, and the cells were processed for surface HA staining 2 days after
transfection. GFP-GluR4 localization was determined by endogenous fluorescence of GFP.
(A) GFP-GluR4 transfected in CHO cells was smoothly distributed and did not form clusters. The scale bar represents 7.5 mm.
(B) CHO cells cotransfected with GFP-GluR4 and HA-NP1 showed small clusters of GFP-GluR4, which were colocalized with surface HA-NP1.
(C) DNTD-GFP-GluR4 in CHO cells was smoothly distributed and did not form clusters.
(D)CHOcellscotransfectedwithDNTD-GFP-GluR4andHA-NP1showedasmoothdistributionofDNTD-GFP-GluR4,whereasHA-NP1formedsmallclusters.
(E) GFP-NTD-pDis transfected alone in CHO cells was smoothly distributed and did not form clusters.
(F) GFP-NTD-pDis formed large clusters when cotransfected with HA-NP1.
(G) CHO cells cotransfected with GFP-GluR4 and HA-NPR showed a smooth distribution of both proteins.compared to axons transfected with shNP1-pSUPER-
GFP or shNPR-pSUPER-GFP. Cotransfection of the
shRNA-resistant rescue constructs restored the ability of
axons to recruit GluR4 to neuronal synapses (Figure 7G).
Knockout of Neuronal Pentraxins Decreases Axonal
Ability to Recruit GluR4 to Reconstituted Artificial
Synapses and Neuron-Neuron Synapses
Overexpression of a neuronal pentraxin increases the
AMPAR-clustering ability of axons (O’Brien et al., 2002),
raising the possibility that the rescue constructs for RNAi94 Neuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc.may rescue an offtarget effect by augmenting a separate
pathway. To formally exclude this possibility, and to pro-
vide an independent test of the function of neuronal pen-
traxins in synaptic recruitment, we utilized mice that have
all three neuronal pentraxin genes knocked out (hereafter
referred to as triple knockouts) (Bjartmar et al., 2006). Un-
like wild-type axons, axons of triple knockout hippocam-
pal neurons showed almost no ability to recruit GluR4 to
artificial synapses (Figures 8A and 8B). Whereas excit-
atory axons from wild-type neurons recruited large GFP-
GluR4 clusters in transfected glia, triple KO axons either
Neuron
Synaptic Recruitment of GluR4Figure 7. RNAi Knockdown of Neuronal
Pentraxins Decreases the Ability of
Axons toCluster GFP-GluR4 Transfected
in Glia and Endogenous GluR4
Expressed in Neurons
(A) HEK cells were cotransfected with HA-NP1/
NPR and pSUPER-GFP (ctrl), HA-NP1/NPR
and NP1/NPR-pSUPER-GFP (KD), or mut-
HA-NP1/NPR and NP1/NPR-pSUPER-GFP
(resc). Two days later, HEK cell lysates were
immunoblotted for HA. The pSUPER knock-
down constructs effectively decreased the ex-
pression of the transfected wild-type protein,
whereas site-mutated neuronal pentraxin res-
cue constructs were resistant to knockdown.
(B) Hippocampal neurons were cocultured with
NL1 and GFP-GluR4 cotransfected glia. Neu-
rons were transfected at DIV 3 with pSUPER-
DsRed (control), NP1-pSUPER-DsRed (NP1
KD), NP1-pSUPER-DsRed + mut-HA-NP1
(NP1 rescue), NPR-pSUPER-DsRed (NPR
KD), or NPR-pSUPER-DsRed + mut-HA-NPR
(NPR rescue). Immunocytochemistry was per-
formed 3 days after transfection, staining for
DsRed and GAD-65. Axons negative for
GAD-65 staining and positive for DsRed stain-
ing were presumed to be transfected excit-
atory axons, and their colocalization with glial
GFP-GluR4 clusters were assessed. A repre-
sentative image of a GFP-GluR4 transfected
glia is shown. The scale bar represents 10 mm.
(C) An superposed image of a control
pSUPER-DsRed transfected axon overlying
the transfected glia depicted in (B) is shown.
The transfected axon is colocalized with
several glial GFP-GluR4 clusters (arrows).
(D) Quantification of the ability of various trans-
fected axons to cluster GFP-GluR4 in glia.
Knockdown of either NP1 or NPR significantly
decreased the ability of axons to recruit GFP-
GluR4 transfected in glia. Error bars represent
SEM; *p < 0.01, nR 20.
(E) Neurons were transfected at DIV 3 with
pSUPER-GFP (control), NP1-pSUPER-GFP
(NP1 KD), NP1-pSUPER-GFP + mut-HA-NP1
(NP1 rescue), NPR-pSUPER-GFP (NPR KD),
or NPR-pSUPER-GFP + mut-HA-NPR (NPR
rescue). Immunocytochemistry was performed 3 days later for GluR4, GAD-65, and GFP. Axons negative for GAD-65 staining and positive for
GFP staining were presumed to be excitatory axons, and their ability to cluster GluR4 on neuronal dendrites was assessed. Representative images
of a control pSUPER-GFP transfected axon in contact with a GluR4 positive neuronal dendrite are shown.
(F) A superposed image of the neuron depicted in (E) showing overlap of transfected axons with dendritic GluR4 puncta (arrows).
(G) Quantification of the ability of transfected axons to cluster GluR4 when it contacts a dendrite bearing existing R4 clusters. Knockdown of
either NP1 or NPR significantly decreased the ability of axons to recruit endogenous GluR4 on neuronal dendrites. Error bars represent SEM;
*p < 0.01, nR 39.fail to recruit any clusters at all or recruit GFP-GluR4,
which forms a diffuse track along the entire length of the
axons without any discrete puncta. These diffuse tracks
are still colocalized only with excitatory axons and ex-
cluded from inhibitory axons (data not shown); such a find-
ing suggests that excitatory axons possess additional
GluR4-recruiting factors besides the neuronal pentraxins.
To examine whether the GluR4-clustering defect out-
lined above bears functional consequences, we carried
out electrophysiological recordings from HEK cells trans-fected with GFP-GluR4 and neuroligin-1 plated either on
wild-type or triple knockout hippocampal neurons. We
could very reliably record mEPSCs, often of great ampli-
tude, in HEK cells plated onto wild-type neurons (Figures
8E and 8F). These mEPSCs are likely to be the functional
correlate of the ability of axons to form abundant artificial
synapses onto HEK cells. By contrast, the frequency of
mEPSCs was much lower in HEK cells plated onto triple
KO neurons (Figures 8E and 8F). We could not detect any
mEPSCs in many of the HEK recordings onto triple KONeuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc. 95
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Synaptic Recruitment of GluR4Figure 8. Axons of Neurons Derived from the Triple Neuronal Pentraxin Knockout Show Decreased Ability to Cluster Both
GFP-GluR4 Transfected in Glia and Endogenous GluR4 in Neurons
(A) Hippocampal neurons from wild-type and triple knockout mice were cocultured with NL1 and GFP-GluR4 cotransfected glia. At DIV 6–8, cultures
were stained for Tau and GAD-65. Tau-positive and GAD-65-negative processes indicate presumptive excitatory axons, and the number of
GFP-GluR4 clusters per unit length of overlying excitatory axon was determined. The scale bar represents 10 mm.
(B) Quantification of the ability of wild-type and knockout axons in clustering GFP-GluR4 in glia. Knockout of neuronal pentraxins dramatically
decreased the ability of axons to recruit GFP-GluR4 transfected in glia. Error bars represent SEM; *p < 0.0001, n = 10.
(C) Wild-type and triple knockout neurons were stained at DIV 6–8 for GluR4 and GAD-65. Neurons with strong somatic staining for both GluR4 and
GAD-65 were imaged, and the number of GluR4 puncta per length of dendrite was calculated.
(D) Quantification of the number of GluR4 puncta on wild-type and knockout interneurons. Interneurons in knockout cultures bear significantly less
GluR4 puncta compared to wild-type cultures. Error bars represent SEM; *p < 0.01, n = 20.
(E) The frequency of mEPSCs recorded from HEK293T cells plated onto neuronal culture from pentraxins knockout mice is dramatically lower than
that from HEK293T cells plated onto wild-type neuronal culture. HEK293T cells were transfected with GFP-GluR4 and neuroligin. DIC and fluores-
cence images with corresponding current traces from HEK293T recordings are shown for both wild-type and pentraxin triple knockout conditions.
(F) Quantification of the frequency of mEPSCs recorded from HEK293T cells plated onto wild-type neurons (n = 10) and onto neurons derived from
triple knockouts (n = 9; *p < 0.01, unpaired Student’s t test).
(G) The amplitude of mEPSCs recorded from HEK293T cells plated onto pentraxin knockout neurons (n = 4) was lower than those recorded from
HEK293T cells plated onto wild-type neurons (n = 10; *p < 0.01, unpaired Student’s t test). We reliably detected mEPSCs only in four out of the96 Neuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc.
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Synaptic Recruitment of GluR4Figure 9. The Number of Hippocampal
GluR4 Synapses Is Decreased in the
Triple Pentraxin KO
(A) Confocal sections of P9 wild-type and triple
KO mouse hippocampal dentate gyrus cell
layer immunostained for GluR4 and VGlut1.
The scale bar represents 10 mm.
(B) Quantification of GluR4 puncta, VGlut1
puncta, and GluR4 puncta colocalized with
VGlut1 puncta in matched dentate gyrus layer
fields from wild-type (gray bars) and KO (white
bars) mice. There is a significant decrease in
the number of both total GluR4 puncta and
GluR4 puncta colocalized with VGlut1 in the
KO mice (error bars represent SEM;
*p < 0.05, n = 7 WT/KO mice).neurons (n = 5 out of 9). In the few cases where mEPSCs
could be recorded (n = 4), we found that their amplitude
was much lower than those recorded from HEK cells
plated onto wild-type neurons (Figure 8G). Altogether,
these results show that the ability of axons to form func-
tional artificial synapses onto HEK293 cells is severely
impaired in the absence of the neuronal pentraxins.
In addition, we examined interneuronal GluR4 synapses
in dissociated hippocampal neuron cultures made from
wild-type and triple knockout mice to determine whether
there is a reduction in endogenous neuronal GluR4 clus-
tering at synapses. We found that hippocampal neurons
from triple knockouts possessed significantly fewer
GluR4 puncta than wild-type neurons (Figures 8C and
8D). These results demonstrate that axonally derived neu-
ronal pentraxins are critical for recruitment of GluR4 to
neuronal synapses.
Knockout of Neuronal Pentraxins Decreases the
Number of Hippocampal GluR4 Synapses In Vivo
Todeterminewhether theneuronal pentraxinsplay a role in
the recruitment of GluR4 to synapses in vivo, we examined
GluR4-synapse number in hippocampal cryosections pre-
pared fromP9wild-type and triple pentraxin KOmice. Pre-
vious studies have shown that NP1 is expressed at highnine recordings obtained from HEK293T cells plated onto pentraxin knocko
obtained in both conditions is also shown.levels in the dentate gyrus andCA3 cell layers of the hippo-
campus (Schlimgen et al., 1995), whereas NPR is ex-
pressed in all cell layers of the hippocampus (Dodds
et al., 1997). In the hippocampus,GluR4 is localized almost
exclusively in parvalbumin-positive basket and chandelier
interneurons (Catania et al., 1998; Geiger et al., 1995),
which are predominantly located in the molecular layer di-
rectly adjacent to the cell layers. In pilot studies, we found
that GluR4 synapses in the P9 hippocampus were best vi-
sualized as discrete puncta in the dentate gyrus cell layer,
where there is minimal interference from strong GluR4 im-
munoreactivity present in the soma of interneurons and
maximal colocalization of GluR4 and VGlut1 puncta;
hence, we focused on the GluR4 synapses in the dentate
gyrus cell layer in our quantitative study. Double immunos-
taining of hippocampal slices for GluR4 and VGlut1 and
then confocal optical sectioning and analysis of synapse
number revealed that GluR4-puncta number is decreased
by 40% in the triple neuronal pentraxin KO compared to
wild-type, whereas the number of excitatory presynaptic
specializations, as measured by the number of VGlut1
puncta, is not significantly different between wild-type
and knockout brain slices (Figure 9). These results suggest
that the neuronal pentraxins play a role in the synaptic
recruitment of GluR4 in the intact brain.ut neurons. A cumulative distribution plot for the amplitude of all mEPSCs
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In order to study the mechanisms of AMPA-receptor syn-
aptic targeting, we utilized a coculture system to reconsti-
tute artificial synapses between neurons and glia and
found that in this system, excitatory axons express factors
that cluster transfected AMPA receptor GluR4 subunits in
nonneuronal cells. Structure-function analysis revealed
that the NTD of GluR4 is necessary for this clustering
and that the NTD alone is sufficient for synaptic targeting
in neurons. We then identified NP1 and NPR as factors
that participate in the recruitment of GluR4 to synapses.
The NTD of GluR4 Is Necessary for Synaptic
Recruitment
The NTD of AMPA receptors is a large, 400 residue ex-
tracellular domain at the N-terminus of the AMPA recep-
tors, making up nearly half of the full-length protein. The
domain is most similar to the bacterial amino acid-binding
proteins and the glutamate-binding domain of themGluRs
(O’Hara et al., 1993) but does not bind glutamate or AMPA
(Kuusinen et al., 1999) and has few known physiological
functions. The NTD is a domain that has arisen recently
in the evolution of the glutamate receptors, being missing
in the prokaryotic glutamate receptor GluR0 (Chen et al.,
1999). It is not required for the assembly, glutamate sensi-
tivity, and core gating functions of the glutamate receptor.
It has been shown that deleting the NTD in GluR4 (Paster-
nack et al., 2002), GluR2 (Horning and Mayer, 2004), and
GluR1 (Tomita et al., 2007) results in functional receptors
that still gate current in response to glutamate application
and that desensitize normally. It has further been shown
that theNTD-lacking GluR4 still retains sensitivity to cyclo-
thiazide (Pasternack et al., 2002). A more recent paper
shows that the NTD of GluR1 is not required for stargazin
binding and that stargazin is able to potentiate the surface
expression and glutamate current of a GluR1 that lacks
the NTD (Tomita et al., 2007). What then is the role of the
NTD in eukaryotic GluRs? The existing literature describes
two following possible roles: (1) that the NTD, although not
required for homomeric assembly of GluR channels, may
play a role in heteromeric assembly of GluRs (Ayalon and
Stern-Bach, 2001; Kuusinen et al., 1999; Leuschner and
Hoch, 1999; Madden, 2002) and (2) that the NTD of
GluR2may play a role in dendritic-spine formation (Passa-
faro et al., 2003). We show that GluR4 lacking the NTD do
not get recruited to both artificial synapses and endoge-
nous neuronal synapses, whereas the NTD alone is suffi-
cient for synaptic recruitment. These results suggest that
the NTD is also required for the synaptic recruitment of
GluR4, by binding to factors expressed on excitatory
axons. In addition, we speculate that the binding of NTD
to other axonal proteins may also represent a method of
retrograde communication. A recent electron-microscopy
study on GluR2 purified from rat brain has shown that its
NTD forms dimers that move apart on glutamate applica-
tion (Nakagawa et al., 2005). Thus, changes in the confor-
mation of the NTD can potentially communicate the state98 Neuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc.of the AMPA receptor in a retrograde manner to axonal
factors.
Neuronal Pentraxins Participate in GluR4 Synaptic
Recruitment
While examining potential binding partners of the NTD, we
found that NP1 binds to and coclusters the NTD in heter-
ologous cells. Both NP1 and NPR are colocalized with
GluR4 at artificial as well as endogenous synapses, and
both NPR and GluR4 are coimmunoprecipitated with
NP1 from brain lysate. Knockdown of either NP1 or NPR
with shRNA decreased axonal ability to cluster GluR4
overexpressed in glia as well as axonal ability to cluster
endogenous GluR4 in dendrites, and complete knockout
of the neuronal pentraxins recapitulates these results,
both in vitro and in vivo. Hence, the neuronal pentraxins
play a role in GluR4 synaptic recruitment.
How do NP1 and NPR function to recruit GluR4 to the
synapse? NP1 was first identified as a secreted protein
binding to a taipoxin affinity column (Schlimgen et al.,
1995) and was later shown to coassemble with Narp and
cluster AMPA receptors (Xu et al., 2003). NPRwas purified
from brain lysates with an NP1 affinity column (Dodds
et al., 1997) and is the only neuronal pentraxin that is an
integral membrane protein. NPR has previously been pro-
posed as a receptor for NP1 and Narp on the basis of its
strong binding affinity for these proteins (Dodds et al.,
1997) and on the observation that NPR overexpressed
on heterologous cells recruits secreted NP1 and Narp to
the cell surface (Kirkpatrick et al., 2000). Our data show
that shRNA knockdown of both NP1 and NPR decreases
axonal ability to recruit GluR4 to a similar extent. To ac-
count for these observations, we propose a model where
presynaptic NPR binds to NP1, thereby leaving NP1 to
bind transsynaptically to the NTD of GluR4 at the postsyn-
aptic specialization. NPR would thus serve as a mem-
brane-bound receptor, immobilizing NP1-GluR4 coclus-
ters at the synapse. Alternatively, it has been shown that
NPR levels are decreased by 70% in the NP1 single KO
(Kirkpatrick et al., 2000), NP1 and NPR may depend on
each other for stability, and knockdown of NPR may
have exerted its effect through the destabilization of
NP1. Our results indicate that axonally expressed NP1
and NPR are both critical for the recruitment of GluR4 to
synapses.
The triple neuronal pentraxin KOmice are viable and fer-
tile (Bjartmar et al., 2006), suggesting that other factors
can compensate for the synaptogenic activity of the neu-
ronal pentraxins. In our experiments, we observed that
when all neuronal pentraxins are absent from hippocam-
pal axons, many excitatory axons now failed to recruit
any GFP-GluR4 clusters in glia, whereas other axons
now recruited GFP-GluR4 in a qualitatively different way,
with the GFP-GluR4 distributed as a diffuse track along
the entire length of the axon and not clustered in distinct
puncta. Nonetheless, the diffuse tracks colocalize only
with excitatory-axon markers, suggesting that excitatory
axons possess additional factors capable of clustering
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The GFP-GluR4 construct was generated by insertion of GFP after the
signal peptide of GluR4, between amino acid 20 and 21. Neuroligin-1
expression vector was a kind gift from P. Scheiffele (Columbia Univer-
sity; [Scheiffele et al., 2000]). DNTD-GFP-GluR4 was created by dele-
tion of the NTD (amino acid 22–408 of GluR4) from GFP-GluR4. We
generated the R4-NTD-pDis construct by subcloning the NTD (amino
acid 22–408 of GluR4) into the pDisplay vector (Invitrogen), placing
the NTD after the IgGk signal peptide and the HA tag and before the
myc tag and the PDGFR transmembrane domain. We made the
GFP-NTD-pDisplay construct by excising the signal peptide, GFP
tag, and NTD from GFP-GluR4 and subcloning this fragment into
EcoRV and SacII sites in pDisplay, replacing the IgGk signal peptide
and HA tag, but retaining the C-terminal Myc tag and PDGFR trans-
membrane domain.
Neuronal-pentraxin-expression constructs were kind gifts from
P. Worley (The Johns Hopkins University; [Xu et al., 2003]). The HA
epitope tag was inserted at the C-termini of NP1 and NPR for making
HA-NP1 and HA-NPR, respectively. The mut-HA-NP1 rescue con-
struct was generated by introduction of the silent mutations G879A,
A882T, C883T, C885G, and T888C into HA-NP1. The mut-HA-NPR
construct was generated by introduction of the silent mutations
G1065T, G1068T, and C1071T into HA-NPR.
The pSUPER-GFP shRNA vector is commercially available (OligoEn-
gine, pSUPER.neo + gfp). The pSUPER-DsRed vector was created by
removal of theneo-GFPcassetteof pSUPER-GFPwith aNheI/SacII ex-
cision and replacement with a DsRed-SV40 polyadenylation site frag-
ment obtained by PCR from the pDsRed2 vector (Clontech). The neu-





These sequences were subcloned into the BglII/HindIII sites in
pSUPER-GFP and pSUPER-DsRed for generating NP1/NPR-
pSUPER-GFP and NP1/NPR-pSUPER-DsRed, respectively.
The sequences of all PCR-generated DNA inserts were verified by
DNA sequencing after subcloning. All parent expression constructs
were also verified by DNA sequencing.
Antibodies
The following antibodies were used in the characterization of the hip-
pocampal-glia cocultures: anti-bassoon (mAb IgG2a, 1 mg/ml, Stress-
gen), anti-GAD65 (mAb351 IgG2a, 2.5 mg/ml, Chemicon), anti-tau
(mAb3420 1 mg/ml, Chemicon), anti-GFP (mAb3580 IgG1 ascites,
1:200 surface staining, Chemicon), anti-VGlut1 (AB5905 guinea-pig
serum 1:5000, Chemicon), anti-GluR4 (AB1508 2 mg /ml, Chemicon),
anti-Narp (rabbit polyclonal, 4 mg/ml, gift from P. Worley [O’Brien
et al., 1999]), anti-NP1 (rabbit polyclonal, 2 mg/ml, gift from P. Worley
[Xu et al., 2003]), and anti-NPR (rabbit polyclonal, 1:200, gift from P.
Worley). The specificity of antibodies against the neuronal pentraxins
was confirmed by blotting brain lysates from the triple neuronal pen-
traxin knockout mice (data not shown). For localization of R4-NTD-
pDis in glia and neurons, anti-HA (mAb 16B12 IgG1, Covance) was
used at 2 mg/ml. For localization of endogenous NP1, NPR, and
GluR4, both NP1 and GluR4 primary antibodies were conjugated to
Cy3 and Cy5, respectively, and used with unconjugated NPR anti-
bodies for staining. For knockdown experiments, Cy5-conjugated
GAD65 staining was used to observe and exclude inhibitory axons,and GFP and DsRed were visualized with anti-GFP (mAb3580 IgG1
ascites, 1:750, Chemicon) and Cy3-conjugated anti-DsRed (rabbit se-
rum, 1:200, Clontech), respectively. Secondary antibodies used were
Alexa-350-, 488-, 546-, and 647-conjugated goat anti-rabbit/mouse
antibodies, as well as Alexa-488-conjugated goat anti-mouse IgG1
antibodies (Molecular Probes).
Hippocampal Neuron-Glia Coculture and Transfection
Cortical astrocytes were obtained by digestion of P0-1 Sprague-
Dawley rat cortices with 0.25% trypsin (Invitogen) and 0.1% DNase
(Sigma) at 37C for 40 min with tumbling. Cortical chunks were re-
moved, and dissociated astrocytes were plated on collagen-coated
10 cm dishes in MEM supplemented with 10% horse serum, 1 mM
pyruvate, penicillin-streptomycin, and 0.3% glucose (glia growth
medium). At 80% confluence, astrocytes were digested with 0.05%
trypsin, washed, and frozen in glia growth medium supplemented
with 10% DMSO in liquid nitrogen.
For growing rat hippocampal neuron-glia cocultures, cortical astro-
cytes were thawed and seeded on 18 mm glass coverslips that had
been sequentially coated with poly-D-lysine and collagen. At 70%
confluence, the glia was transfected with Lipofectamine 2000 (Invitro-
gen) if necessary. One day later, 5-fluorodeoxyuridine (FDUR, Sigma)
and uridine were added to a final concentration of 50 mM. The next
day, hippocampal neurons were dissociated from E18 Sprague-Daw-
ley rat hippocampi with 10 U/ml papain (Worthington) and 0.1%DNase
and plated on the glia monolayer at a density of 50,000–100,000 per 18
mm coverslip in a 12-well plate. The cocultures were maintained in
Neurobasal-A supplemented with 2%B27 (Invitrogen), 10mMHEPES,
1 mM pyruvate, and 50 mM FDUR and uridine. Transfection of neurons
was performed with Lipofectamine 2000 at 3 days after plating if nec-
essary. The cocultures were fixed and processed for immunocyto-
chemistry 5–8 days after plating.
For knockout cultures, hippocampal neurons were obtained from
E16 neuronal pentraxin triple KO or wild-type mice pups and plated
on a monolayer of rat cortical astrocytes in growth medium identical
to that for rat neurons. The cocultures were fixed and processed for
immunocytochemistry 5–8 days after plating.
Immunocytochemistry
Cocultureswere fixed in 4%paraformaldehyde, 4% sucrose in PBS for
30 min at room temperature, then permeabilized with 0.2% Triton X-
100 in PBS on ice for 10min. Blocking was performedwith 10%normal
goat serum in PBS for 1 hr. Primary antibodieswere diluted in 10%goat
serum in PBS and incubated with coverslips for 2 hr at room tempera-
ture, and secondary antibodies were similarly diluted in 10% goat se-
rum in PBS and incubated with coverslips for 1 hr at room temperature.
For surface staining, cells were incubated in growth medium con-
taining diluted primary antibodies for 30 min at 10C and then washed,
fixed, and processed for immunocytochemistry as described above.
Coverslips were mounted in ProLong (Molecular Probes), and im-
ages were acquired on a Zeiss Axiophot or Axiovert with a 63 3 1.4
NA oil objective. Image analysis was performed with ImageJ (NIH).
Electrophysiology
Whole-cell recordings were obtained from HEK293T cells transfected
with GFP-GluR4 and neuroligin-1 and plated on rat or mouse hippo-
campal neurons. The composition of the aCSF was as follows for the
HEK293T/rat co-culture: 150 mM NaCl, 3.1 mM KCl, 2 mM CaCl2,
1 mM MgCl2, 10 mM HEPES, 10 mM glucose, 0.1 mM DL-APV,
0.005 mM strychnine, 0.1 mM picrotoxin, 0.001 mM tetrodotoxin, and
0.1 mM cyclothiazide. For the HEK293T/mice coculture, the aCSF was
as follows: 150 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1.3 mM MgCl2,
10 mM HEPES, 10 mM Glucose, 0.03 mM Biccuculine, 0.001 mM
tetrodotoxin, and 0.1 mM cyclothiazide. The osmolarity of aCSF was
adjusted to 305–310, and pH was 7.3–7.4. For HEK293T/rat neurons
coculture, the intracellular solution was composed of the following:
135 mM Cs-MeSO4, 10 mM CsCl, 10 mM HEPES, 5 mM EGTA,Neuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc. 99
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coculture, the intracellular solution was composed of the following:
114 mM Cs-methanesulfonate, 0.4 mM EGTA, 5 mM TEA-Cl, 2.8
mM NaCl, 20 mM HEPES, 3 mM Mg-ATP, 0.5 mM GTP, and 10 mM
sodium phosphocreatine. Both solutions were adjusted to 290–295
mOsm, and pH was approximately 7.2. Recordings from HEK293T
rat coculture were carried out at room temperature, whereas those
from HEK293T/mice coculture were carried out at 29C.
Recordings were carried out from HEK293 cells 2 days after they
had been plated onto neurons. Transfected HEK293 cells were se-
lected on the basis of the presence of GFP-GluR4 signal. Cells were
voltage clamped at 60 mV, and passive properties were monitored
throughout the experiment by delivering a 3–5mV hyperpolarizing volt-
age step. Series resistance and liquid junction potentials were left un-
compensated. In the event of a change in series resistance (Rs) or input
resistance (Ri) >15% during the course of a recording, the data were
excluded from the set. Electrical signals were recorded by a Multi-
Clamp 700A or 700B amplifier (Axon Instruments), filtered at 2 kHz,
and digitized at 5 or 10 kHz. Data were recorded continuously only af-
ter a period of about 2 min, during which the cell was allowed to stabi-
lize. Analysis was carried out with Mini Analysis Program (version 5.2;
Synaptosoft). The average amplitude and frequency of mEPSCs was
first determined for each recording and then averaged together
according to the experimental group.
CHO Coclustering Assay
ChineseHamster Ovary (CHO) cells were seeded at a density of 25,000
per 18 mm coverslip in a 12-plate dish overnight. The cells were then
transfected with CHO TransIT transfection reagent (Mirius) in accor-
dance with the manufacturer’s instructions. After an overnight trans-
fection, cells were washed and normal growth medium was replaced.
After 24 hr, the cells were lightly fixed with 4% paraformaldehyde in
PBS for 5 min, then surface stained with anti-HA (mAb 16B12 IgG1,
2 mg/ml, Covance) and processed for immunocytochemistry as
described above.
Immunoprecipitation of Brain Lysate
Four- to six-weeks-old Sprague-Dawley rats were killed, and the
whole brain was Dounce homogenized in 10 volumes of IP buffer
(0.5% Triton X-100, 50 mM Tris [pH 7.5], 100 mM NaCl, 4 mM EDTA,
and Roche complete protease inhibitors). The lysate was centrifuged
at 1,000 g for 5 min, mixed for 1 hr in the cold room, and then centri-
fuged at 50,000 g for 15 min. The cleared lysate was incubated with
beads conjugated with anti-NP1 or control rabbit IgG antibodies for
3 hr at 4C. The beads were then washed extensively in IP buffer
and then eluted with SDS sample buffer. Eluates were run out on
a 4%–12% gradient PAGE gel (Invitrogen), transferred to PVDF mem-
branes, and blotted with GluR4, GluR6, and NPR antibodies.
Quantitative Immunocytochemistry and Image Analysis
For all quantitative immunocytochemistry experiments, the investiga-
tor was blinded to the treatment condition of all coverslips during im-
age acquisition and analysis. For knockdown experiments examining
the ability of axons to cluster GluR4 in glia, each coverslip was
searched for transfected glia showing a moderate number of GFP-
GluR4 clusters. Each identified glia was then checked for overlying
DsRed-positive axons that were immuno-negative for GAD65
(presumptive excitatory axons), and if such a conjunction occurred,
an image was taken at constant exposure times for each channel. Dur-
ing image analysis with ImageJ, a fixed threshold was applied to both
green and red channels to segment out GFP-GluR4 puncta and trans-
fected axons, respectively, and a drawing of the identified puncta and
axon track was automatically generated. The drawing was then manu-
ally examined, and any puncta that have 50% ormore of its pixels con-
tained within an axon track are considered colocalized with the axon.
Finally, the number of colocalized GFP-GluR4 puncta per 10 mm of
transfected overlying axon was calculated for each transfected glia.100 Neuron 55, 87–102, July 5, 2007 ª2007 Elsevier Inc.For knockdown experiments examining the ability of axons to recruit
neuronal GluR4, each coverslip was searched for neurons possessing
a moderate number of GluR4 puncta on dendrites (these are invariably
GAD65 positive interneurons). Each identified neuron was checked for
contacting transfected axons that were immuno-negative for GAD65,
and all conjunctions were imaged. A fixed threshold was applied to
all images to segment out GluR4 puncta and transfected-axon track,
and drawings were generated and examined for GluR4 puncta that
have any pixels contained within axonal tracks; these were considered
colocalized puncta. The number of GluR4 puncta colocalized with the
axon per dendrite contact was then calculated.
For knockout experiments examining the ability of triple knockout
axons in recruiting GluR4 to artificial synapses, each coverslip was
stained for Tau to visualize axons and for GAD-65 to visualize inhibitory
axons. Fixed thresholdswere applied to segment out GFP-GluR4 clus-
ters and axons, and the number of R4 clusters colocalized with axons
was determined. For experiments examining the ability of triple KO
axons in recruiting GluR4 to neuronal synapses, each coverslip was
stained for GluR4 and GAD-65. Neurons with strong somatic staining
for GluR4 and GAD-65 (indicating GluR4-positive interneurons) was
segmented with a fixed threshold applied to theGluR4 channel to iden-
tify R4 puncta, and the number of GluR4 puncta per length of dendrite
was calculated.
Immunohistochemistry and Quantitation of Synapse Number
In Vivo
P9 triple pentraxin KO mice and mice from a wild-type line with the
same mosaic genetic background were transcardially perfused with
4%paraformaldehyde in PBS, and the brains were collected and post-
fixed overnight in 4% paraformaldehyde in PBS, then cryoprotected
overnight in 30% sucrose in PBS. The brains were then frozen, and
free-floating 30 mm coronal hippocampal slices were cut with a sliding
freezing microtome. Slices were incubated with blocking buffer (10%
NGS and 0.25% Triton X-100 in PBS) for 4 hr and then stained over-
night with primary antibodies diluted in blocking buffer (anti-GluR4
2.5 mg/ml and anti-VGlut1 1:5000); this was followed by incubation
with secondary antibodies (2 mg/ml donkey Alexa 555-anti-rabbit
and 2 mg/ml donkey Alexa 647-anti-guinea pig, Invitrogen) in blocking
buffer for 4 hr and mounting.
Confocal images were acquired with a Zeiss laser-scanning micro-
scope (LSM 510 Meta) with a 633 oil-immersion objective. To allow
for quantitative comparisons, we held the gain and offset constant
across all images, and the experimenter was blind to mouse genotype
during image acquisition. At zoom 3, 103 0.5 mmoptical sections were
acquired at 12matched locations in the dentate gyrus cell layer of each
slice. Imaging processing was performed with ImageJ (NIH). Five sli-
ces from each ten slice stack is Z-projected (summing intensities)
into a single image composing of puncta; this empirically yields max-
imal colocalization of VGlut1 and GluR4 puncta without giving too
many puncta per field. A fixed threshold was applied to each projected
image to segment out GluR4 and VGlut1 puncta, which were counted.
The VGlut1 image was then binarized and dilated by one pixel and then
used to mask out the GluR4 image to isolate the colocalized GluR4
puncta, which were then counted.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/55/1/87/DC1/.
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